INTRODUCTION
============

Conventional imaging methods for breast evaluation, such as mammography and ultrasound provide many false-positive results, leading to a large number of unnecessary biopsies. Functional imaging methods show metabolic/biologic alterations in breast tissue that may be useful in further evaluation of suspicious lesions, providing greater confidence for choosing the appropriate management for each case.^[@R1],[@R2]^ Most used functional imaging methods for breast cancer management are magnetic resonance imaging (MRI) and ^18^F-fluoro-deoxi-glucose (^18^F-FDG) positron emission tomography/computed tomography (PET-CT).

The main advantage of MRI is its high sensitivity because of the ability to assess the breast tissue vascularization after intravenous injection of the paramagnetic contrast. The enhancement pattern and morphology are the most important criteria used to identify suspicious lesions on breast MRI. However, despite showing a high sensitivity (90%) for the diagnosis of breast cancer, specificity of breast MRI is only moderate (72%) on most studies.^[@R3]^ Dynamic contrast-enhanced (DCE) MRI has been widely used to improve the specificity of MRI in characterizing breast lesions. DCE-MRI analysis provides the assessment of the type of time--signal intensity curve (kinetic curve), which is predictive of malignancy.^[@R4]^ Recently, diffusion-weighted imaging (DWI) has also being incorporated to breast MRI, with the potential to increase its specificity.^[@R5]^ DWI provides information about the free movement of water molecules in the tissue, which is mainly related to tissue cellularity and integrity of cell membranes. The high cell proliferation in malignant tumors causes more barriers to the diffusion of water molecules, resulting in high signal on DWI sequences. Instead, the benign tumors have a lower cell density and higher extracellular space, providing lower diffusion restriction of the water molecules. Because of these characteristics, the DWI appears to be a useful tool for differentiating between benign and malignant lesions. DWI can be quantified using the apparent diffusion coefficient (ADC), which is inversely proportional to the restriction on the movement of water molecules.^[@R6]^

^18^F-FDG PET-CT provides information related to tissue glucose metabolism and has been widely used for evaluation of different types of cancer. For patients with breast cancer, PET-CT has a proven role in detecting distant metastasis, recurrence, and evaluation of treatment response.^[@R7]^ For the diagnosis of primary breast lesions and locoregional staging, PET-CT alone has limited diagnostic value when compared with other imaging methods, mainly because of its low sensitivity for small and low-grade lesions.^[@R8]^ However, some authors have shown that the fusion of MRI and prone PET images had a good diagnostic accuracy to differentiate benign from malignant breast lesions, with potentially greater specificity than MRI images alone.^[@R9],[@R10]^

The combination of PET and MRI offers multiple functional information that complement each other along with high-resolution anatomy.^[@R1],[@R11]^ The aim of this study is to evaluate the diagnostic accuracy of multiparametric evaluation of breast lesions combining information of DCE-MRI, DWI, and dedicated ^18^F-FDG PET-CT. PET-MRI-fused images were evaluated to better locate the corresponding lesions in both methods.

MATERIALS AND METHODS
=====================

After approval of the institution's ethics review board and the National Committee for Research Ethics (CONEP), 31 patients with suspicious breast lesions on MRI and former indication of biopsy were included and performed ^18^F-FDG PET-CT with a specific protocol for breast evaluation. Patients' mean age was 47.8 years (range, 29--77 years). All patients provided written informed consent to participate in the study and publish its results.

MRI was obtained with patient in prone position on a 1.5 T unit (SIGNA HDxt; GE Healthcare, Milwaukee, WI) using dedicated breast coil. Unenhanced sequences included axial T1-weighted 3-dimensional (3D) gradient echo (GRE) pulse sequence and sagittal T2-weighted short tau inversion recovery pulse sequence with fat signal suppression. The DWI sequences were performed with a 2-dimensional array spatial sensitivity encoding technique echo-planar imaging sequence in the axial plane. The sensitizing diffusion gradients were applied in 2 orthogonal planes with b values ​​of 0 and 750 s/mm^2^. Dynamic evaluation included 5 axial T1-weighted 3D dynamic GRE pulse sequences, 1 precontrast, and 4 postcontrast, with fat signal suppression. The paramagnetic contrast used was Gd-DTPA (gadopentetate dimeglumine) at a dose of 20 mL (infusion rate of 3 mL/s), followed by bolus injection of 20 mL of saline. The final sequence consisted of a sagittal T1-weighted 3D GRE pulse sequence, with slice thickness of 1 mm and fat signal suppression. Breast MRI findings were interpreted by at least 2 radiologists with at least 8 years of experience on breast imaging, not blinded to the conventional imaging tests (mammography and ultrasound). The morphologic and kinetic characteristics of lesions evident on MRI were evaluated according to the Breat Imaging Report and Data System (BI-RADS) lexicon (2013).^[@R12]^ On DCE analysis, a small region of interest (ROI) was placed on the area of maximum enhancement within each lesion for curve analysis. Kinetic curves were classified as type I, persistently enhancing (progressive) type, which is suggestive of benignity; type II, plateau type, which has an intermediate probability for malignancy; and type III, washout type, which is indicative of malignancy. For DWI analysis, ADC maps were obtained using commercial software (Functool 7.4.01d; GE Healthcare, Milwaukee, WI), and the ROI was placed on the solid portion of the target lesion, avoiding necrotic or cystic areas. ADC values were calculated according to the following formula: ADC = 1/(b2 − b1) × ln(S1/S2), where S1 and S2 values were the signal intensities at the b values of 0 and 750 s/mm^2^, respectively.

PET-CT was performed on dedicated equipment (PET-CT Gemini; Philips Medical Systems, Cleveland, OH) after the administration of 0.154 mCi/kg of ^18^F-FDG in fasting, during muscle rest. Before the administration of ^18^F-FDG serum glucose levels were \<150 mg/dL. The images were initiated between 60 and 120 minutes after the injection. Whole-body PET-CT examinations were performed on supine position, followed by dedicated images for breast evaluation on prone position, with the breasts set on a specially made device, which reproduces exactly the shape and position of the coil used in MRI. The cephalocaudal acquisition begins with contiguous CT slices of 2.5 mm thickness being conducted in 2-channel coil system without the use of intravenous contrast, followed by the acquisition of PET images. Each bed position of 15 cm field of view was acquired with acquisition time of 90 seconds. The reconstruction was performed in a 256 × 256 matrix, 60-cm field of view, and a section thickness of 2.5 mm. The interpretation and evaluation of PET-CT with ^18^F-FDG was performed by at least 2 nuclear medicine physicians, with at least 10 years of experience, blind to MR images. Lesions were considered positive on PET-CT visual analysis if its activity was greater than the adjacent parenchymal physiologic activity. The maximum SUV (standard uptake value) was calculated for each lesion after placement of the ROI covering the entire lesion. For data analysis, only the maximum SUV value measured in prone PET-CT images was considered.

PET and MRI (PET-MRI) images were fused on a dedicated workstation with Aquarius software, version 4.4 (Terarecon Inc, San Mateo, CA), by a radiologist with expertise in breast MRI, to better locate corresponding lesions. A lesion was considered positive on multiparametric evaluation if at least 1 of the following was present: washout/type 3 kinetic curve on DCE-MRI, restricted diffusion on DWI with minimum ADC value \<1.00 × 10^−3^ mm^2^/s, and abnormal metabolism on ^18^F-FDG PET-CT (higher than the physiologic uptake of the normal breast parenchyma).

Statistical analyses were performed using SPSS for Windows, version 17.0 (SPSS Inc, Chicago, IL). For descriptive analysis, absolute and relative frequencies were calculated for all variables. Continuous variables were expressed as mean and standard deviation when distribution is normal. Sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive value (NPV) were calculated for multiparametric PET-MRI evaluation, using histologic results as gold standard.

RESULTS
=======

Thirty-eight lesions with histologic correlation were evaluated on the 31 included patients, 32 being mass lesions (84.2%), and 6 nonmass lesions (15.8%). Lesions' mean diameter was 31.1 mm (range, 8--94 mm). Most mass lesions had irregular shape (n = 25, 78.1%) and heterogeneous enhancement (n = 27, 84.4%). Most nonmass lesions had a segmental distribution (n = 4, 66.7%). According to the BI-RADS lexicon, 2 lesions (5.3%) were classified as category 3, 13 (34.2%) as category 4, 14 (36.8%) as category 5, and 9 (23.7%) as category 6.

On DCE-MRI, type I kinetic curve was present in 9 mass lesions (28.2%), type II curve in 8 mass lesions (25.0%), and type III curve in 15 mass lesions (46.9%). On DWI, minimum ADC value ranged from 0.44 to 2.10 × 10^−3^ mm^2^/s (mean 1.02 ± 0.39 × 10^−3^ mm^2^/s), and 26 lesions (68.4%) showed restricted diffusion (ADC \<0.00 × 10^−3^ mm^2^/s). PET-CT showed increased metabolic activity on 30 lesions (78.9%), with a maximum SUV ranging from 1.1 to 15.0 (mean, 4.8 ± 4.1). All lesions considered negative on PET-CT had maximum SUV value \<1.0. On multiparametric evaluation, 33 (86.8%) lesions were considered positive and 5 (13.2%) lesions were negative.

Histologic results were obtained by ultrasound-guided percutaneous core needle biopsy in 21 lesions (55.3%) and surgical excision in 17 lesions (44.7%). Histologic evaluation showed 29 (76.3%) malignant lesions and 9 (23.7%) benign lesions. The most common benign lesion was fibroadenoma, found in 5 patients (55.6%). Invasive ductal carcinoma (IDC) was the most frequent malignant lesion, found in 26 cases (89.7%).

Table [1](#T1){ref-type="table"} shows comparison between histologic results and DCE-MRI, DWI, PET-CT, and multiparametric evaluation. All lesions with type III kinetic curve on DCE-MRI were malignant on histology, but there were 9 false-negative results. There were 4 false-negative results on DWI that showed increased ^18^F-FDG uptake on PET-CT, which included 1 IDC, 2 ductal carcinoma in situ (DCIS), and 1 mucinous carcinoma (Figure [1](#F1){ref-type="fig"}). There were 2 false-negative results on PET-CT that showed restricted diffusion on DWI, both were small low-grade IDC with positive hormone receptors expression and negative Her-2 status (Figure [2](#F2){ref-type="fig"}). Multiparametric evaluation provided 100% sensitivity, 55.5% specificity, 87.9% PPV, 100% NPV, and 89.5% accuracy, with 29 true-positive results, 5 true-negatives, 4 false-positives, and no false-negative results.

###### 

Comparison Between DCE-MRI, DWI, PET-CT, and Multiparametric Evaluation and Histologic Results of Breast Lesions (n = 38)

![](medi-93-e115-g001)

![A 63-year-old female patient with a probably benign mass on conventional breast examinations. MRI showed a lobulated mass in the right breast (A). DCE-MRI showed an indeterminate plateau-type kinetic curve (B). The lesion showed high signal on DWI (C) and a small decrease in signal intensity on ADC map (D), ADC = 1.50 × 10^−3^ mm^2^/s, suggestive of benign lesion. PET-MRI fusion showed increased ^18^F-FDG uptake (E), suggestive of malignant lesion. Percutaneous biopsy was compatible with mucinous carcinoma. ^18^F-FDG = ^18^F-fluoro-deoxi-glucose, ADC = apparent diffusion coefficient, DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging, DWI = diffusion-weighted imaging, PET-MRI = positron emission tomography and magnetic resonance imaging.](medi-93-e115-g002){#F1}

![A 57-year-old female patient with a proven IDC in the right breast. Preoperative MRI showed a small mass on the left breast (A). DCE-MRI showed a progressive-type kinetic curve (B), suggestive of benign lesion. The lesions showed high signal on DWI (C) and low signal on ADC map (D), ADC = 0.84 × 10^−3^ mm^2^/s, suggestive of malignant lesion. PET-MRI fusion showed no increase of ^18^F-FDG uptake on the lesion (E), suggestive of benign lesion. After surgical resection, the histologic diagnosis was low-grade IDC. ^18^F-FDG = ^18^F-fluoro-deoxi-glucose, ADC = apparent diffusion coefficient, DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging, DWI = diffusion-weighted imaging, IDC = invasive ductal carcinoma, PET-MRI = positron emission tomography and magnetic resonance imaging.](medi-93-e115-g003){#F2}

DISCUSSION
==========

Functional imaging has evolved significantly in recent years, improving the diagnostic yield of breast lesions suspicious for malignancy. In the modern concept of target therapy, PET-MRI seems to be an advantageous alternative for breast cancer management. The results of the present study show that this methodology is promising and has a good diagnostic accuracy to differentiate benign from malignant breast lesions, reducing the number of false-positive results found on MRI.

Although DWI and PET reflect different tissue properties, previous studies have shown the association between their measures in different organs, most probably because increased cellularity is related to increased glucose metabolism in many malignant tumors.^[@R13]--[@R15]^ However, some articles that compared both methods in the evaluation of breast lesions have shown that the correlation between these 2 biomarkers is relatively weak.^[@R16],[@R17]^ Given that both DWI and PET have similar clinical applications, ADC and SUV values may offer complementary information to aid in determination of diagnosis and prognosis of breast tumors.^[@R18]^

Previous studies have shown that the combined analysis of functional imaging data, such as DCE-MRI, DWI, and ^18^F-FDG PET-CT, significantly improves the diagnostic accuracy of breast MRI.^[@R19]--[@R22]^ However, none of these methods is 100% sensitive or specific because there is a considerable overlap of benign and malignant lesions, resulting in both false-negative and false-positive results. False-negative results are the most relevant for breast cancer and must be avoided because they can delay proper diagnosis and treatment.

On DCE-MRI, washout type kinetic curve is very suggestive of breast cancer; however, this enhancement pattern has been found in a small proportion of malignant lesions. Most authors suggest that both plateau or washout types should be suggestive of malignancy; however, we considered only the second in our study to reduce the number of false-positive results. Bluemke et al^[@R23]^ found a 20.5% sensitivity and 90.4% specificity for washout type, and 63.2% sensitivity and 65.4% specificity when using either plateau or washout types as an indicator of malignancy. In our case series, washout type was present in 62.5% of malignant mass lesions.

On DWI, false-negative values can be obtained in cystic/necrotic malignancies, low-grade tumors such as DCIS and malignant lesions with lower cellularity, such as mucinous carcinoma.^[@R24]^ We found four false-negative results on DWI. Because of the presence of mucin, mucinous carcinomas typically show high signal on T2 sequences and high ADC values, as shown in one of our cases.^[@R25]^ Cheng et al^[@R26]^ recently showed higher ADC values for DCIS, when compared with IDC, and for nonmass lesions, when compared with mass lesions.

False-negative results can also occur in ^18^F-FDG PET-CT. In our sample, there were 2 false-negative results on PET-CT that showed restricted diffusion on DWI, both were small low-grade IDC with positive hormone receptors expression and negative Her-2 status. Previous studies have demonstrated the lower sensitivity of PET-CT for low-grade tumors and lesions \<10 mm because of the limited spatial resolution of PET scanners.^[@R8],[@R27],[@R28]^ In addition, ^18^F-FDG uptake is lower on tumors with positive hormone receptor expression (luminal A and luminal B subtypes), when compared with less-differentiated tumors with negative hormone receptor expression (Her-2 and triple-negative subtypes).^[@R29],[@R30]^ Several methods have been developed to improve the current results of PET-CT for the diagnosis of breast lesions. Recently, a research group has been developing a dedicated simultaneous PET-MRI breast imaging system, which allows a combination of a high-resolution PET scan with morphologic and functional MRI data in a single study.^[@R31]^ In addition to increased spatial resolution, more specific markers for breast cancer have been developed to overcome the results of the PET with ^18^F-FDG, which is a nonspecific marker. Among these new markers, we highlight the ^18^F-16-α-17-β-fluoroestradiol and ^68^Ga-trastuzumab, which can portray noninvasively tumor expression of estrogen receptors and Her-2, respectively, with the potential to assist in the treatment planning and response evaluation.^[@R1]^

We believe that the combination of multiple functional methods with high specificity for the diagnosis of breast cancer can reduce the number of false-negative results found on these methods alone and yet reduce the number of false-positive results of conventional MRI. However, most studies that evaluated PET-MRI for breast evaluation combined functional information of ^18^F-FDG PET-CT only with the morphological information of MRI. Pinker et al^[@R32]^ recently published the initial results of a study on multiparametric ^18^F-FDG PET-MRI, and their results were consistent with the findings of the present study. According to the data presented, when several MRI and PET parameters are combined, the sensibility and specificity for differentiation of benign and malignant breast tumors are higher than when only 1 or 2 parameters are used. In addition, multiparametric ^18^F-FDG PET-MRI may lead to a reduction of the unnecessary breast biopsies recommended by MRI only.^[@R32]^

There are no studies evaluating the costs of adding PET/CT to MRI in the evaluation of breast lesions. Currently, performing a combined PET-MRI is less cost-effective than existing breast imaging methods, and this approach would not be practical in a clinical setting until larger studies are developed. However, a significant reduction in unnecessary breast biopsies by using this combined method may improve its cost-effectiveness.

The results of this study should be considered in the context of some limitations. Because of the small size and high number of malignant cases in our sample, it is difficult to generalize the results to the general population. The inclusion of lesions with prior malignant diagnosis (BI-RADS 6 lesions) in this study could be considered a potential confounding bias; however, all these lesions were considered suspicious on MRI analysis blind to previous clinical data and were submitted to new biopsy or surgical resection after the PET-CT. In these cases, PET-CT was performed at least 15 days after the procedure to reduce interference of the inflammatory process in the SUV values​​. Finally, although we use a positioning device on the PET with the same model of the coil used in breast MRI, breast structures might be in a slightly different position in both tests. To minimize possible incompatibilities, we performed a manually adjusted alignment using identifiable landmarks in both the PET and MR images, as described in the methodology.

In conclusion, multiparametric evaluation with PET-MRI functional data showed good diagnostic accuracy to differentiate benign from malignant breast lesions, reducing the number of unnecessary biopsies, without missing any diagnosis of cancer in our case series. These initial results confirm the potential of multiparametric evaluation with PET-MRI in the differential diagnosis of breast lesions, which should be the subject of future studies to confirm these findings.

Abbreviations: ^18^F-FDG = 18F-FDG^18^F-fluoro-deoxi-glucose, ADC = apparent diffusion coefficient, BI-RADS = Breat Imaging Report and Data System, DCE = dynamic contrast enhanced, DCIS = ductal carcinoma *in situ*, DWI = diffusion-weighted imaging, Gd-DTPA = gadopentetate dimeglumine, GRE = gradient echo, IDC = invasive ductal carcinoma, MRI = magnetic resonance imaging, NPV = negative predictive value, PET-CT = positron emission tomography/computed tomography, PPV = positive predictive value, ROI = region of interest, SUV = standard uptake value.
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